Heat thermal energy storage is a technique to improve thermal efficiency through reducing discrepancy between energy demand and supply. Latent heat thermal energy storage as a kind of thermal energy storage method has drawn considerable attention from researchers due to its high thermal energy density and constant operating temperature. This study numerically investigates the melting process in a triplex tube heat exchanger containing phase change material (PCM) RT82. A two-dimensional numerical model has been generated using the Ansys Fluent 16 software program to simulate the melting process. In this study, conduction and natural convection have been considered. Selected arrangements of rectangular fins, including lengths and positions, were selected according to heat distribution while the total area of fins was kept constant. This new strategy was done to improve heat transfer in PCM which would result in decreasing its melting time. The select optimized model in this article reduces meting time to 28.4% in comparison with the model in Ref.
Introduction
Most clean kinds of energy are naturally unsteady and their utilization requires facilities to store them. As an instance, solar energy is an intermittent energy source causing mismatch between the energy supply and demand for solar thermal energy applications. In order to solve this issue, latent heat thermal energy storage (LHTES) is employed to improve efficiency of the solar energy systems. From a global environmental view, latent heat thermal energy storage is acceptable and it also enhances the energy efficiency of the systems. LHTES provides high thermal energy density per unit volume/mass and has wide applications in different engineering fields in broad temperature ranges. Mat et al. [1] numerically studied the melting process of RT82 as a phase change material in a triplex tube heat exchanger. Results showed that using a triplex tube heat exchanger (TTHX) with internal-external fins reduced melting time to 43.3% in comparison with the triplex tube heat exchanger without fins. Thermal energy storage (TES) using Phase Change Materials (PCMs) can store 5-14 times more energy than using sensible storage materials for the same volume [2] .
Furthermore, latent heat storage has greater potential to store heat of fusion at nearly constant temperature which is consistent with the phase change temperature [3] . Depending on application and operating conditions, particularly operation in temperature range, there are wide-ranging phase change materials which have various melting temperatures. Absorption or release of energy during the phase transition from solid to liquid and vice versa, is the foundation of PCM thermal energy storage. PCM thermal energy can be stored during the off-peak load period and then released during the peak period. LHTES applications are observed in various engineering fields including thermal storage of building structures [4, 5] , building equipment such as domestic hot water, heating, and cooling systems [6] [7] [8] , electronic products [9, 10] , waste heat recovery [11] , refrigeration, cold storage [12, 13] and solar cookers [14, 15] . Low thermal conductivity is the major weakness of phase change materials which leads to reduction in heat transfer and consequently raising melting time.
This can limit the use of these materials for thermal energy storage. Several methods for boosting heat transfer in phase change materials have been studied in recent years. These methods include an increase in the heat transfer surface area using finned tubes [16, 17] or improving thermal conductivity of the phase change material by inserting metal foam into it [18] and recently, dispersing nanoparticles with high thermal conductivities in PCMs [19, 20] . Utilization of fins so as to enhance heat transfer in phase change material is a sensible and beneficial method because of its simplicity, effortlessness and small cost of production. Various kinds of fins such as annular, tapered, pin and rectangular are applied to PCMs. Recently, researches have attempted to lower melting time so as to improve system performance. The effect of longitudinal fins in a double pipe heat exchanger during charging process was studied experimentally and numerically by Hosseini et al. [21] . Their results maintain that an increase in fins' length leads to a lower melting time and a deeper heat penetration. Al-Abidi et al. [22] experimentally studied melting and solidification of PCM in a triplex tube heat exchanger with fins. Their results indicated that the heat transfer fluid (HTF) inlet temperature has more influence on the PCM melting process than the HTF mass flow rate. Esapour et al. [23] investigated the effect of number of inner tubes as a geometrical parameter during charging process in multi-tube heat exchanger. By increasing the number of inner tubes from 1 to 4 in the shell side of the multi-tube heat exchanger, melting region expanded and its vortices strengthens which results in a dominated convective heat transfer and consequently a higher melting rate was concluded. This increase in number of tubes leads to 29% decrease in melting time. particles [24, 25] . Also, Ho et al. (2015) investigated numerically the melting process of a phase change material placed within a vertical rectangular enclosure with a free-moving ceiling for different enclosure aspect ratios [26] . They concluded that the influence of the Rayleigh number on the displacement of the movable ceiling and the average Nusselt number over the isothermally heated wall considerably reduces when the aspect ratio increases. Darzi et al. [27] numerically studied melting and solidification of a PCM within three various horizontal annulus configurations in a circular cylinder. Results showed that natural convection has an important role in the melting process. Furthermore, it was indicated that the melting rate at the bottom section of the tube is lower than that at the top section and they concluded, by using the vertical-oriented tube instead of the circular one, the melting rate increases. Mahdi and Nsofor [28] studied three heat transfer enhancement methods such as fins, nanoparticles and a combination of both. It was found that the utilization of fins alone is superior to using either nanoparticles alone or a combination of fins and nanoparticles. Also, the use of longer fins with less thicknesses was advised so as to improve heat transfer in phase change materials. Al-Abidi et al. [29] numerically investigated heat transfer enhancement methods during melting by using internal and external fins in a triplex tube heat exchanger. The fin length, fin thickness, number of fins, Stefan number, TTHX material, and the phase change material unit geometry in the TTHX were studied in order to find their effects on melting time. The triplex tube heat exchanger due to having more heat transfer surface in comparison with a double tube heat exchanger is relevant and has higher efficiency. Eslamnezhad and Rahimi [30] considered different fin angles and the effect of eccentric tubes on heat transfer. Their best presented model, with no change in total fins' surface area, decreased melting time to 17.9 % in comparison with the initial model in Ref. [1] .
In this article, the melting process of PCMs inside a triplex heat exchanger using rectangular longitudinal fins is studied. It is tried to increase the rate of PCM melting in the model presented by 
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Numerical analysis
Physical model
The cross-section surface of a triplex tube heat exchanger is depicted in Fig. 1 , as of Ref. while the phase change material which its commercial name is RT82, is put in the middle tube.
Physical and thermodynamic properties of the phase change material (RT82) and cooper used in this study are mentioned in Table 1 .
[ Figure 1 ]
[ Table 1 ]
Governing equations
The fluid motion and the temperature distribution within the annulus are described by the standard Navier-Stokes and energy equations. The flow is assumed to be laminar, incompressible, transient, and with a very low viscosity. Therefore, thermo-physical properties of the PCM including thermal capacity, conductivity, and viscosity are supposed to be invariant. The effect of natural convection based on the Boussinesq approximation is considered. Only density variation of the PCM related to force term in momentum equation is considered and defined as follows:
In which l  is the density of the PCM at the melting temperature l T and  is its thermal expansion coefficient. The continuity, momentum, and the thermal energy equations are respectively presented as follows:
Continuity equation:
Momentum equation:
Energy equation:
Where  is the density of the phase change material, i u is the fluid velocity,  is dynamic viscosity, p is pressure, g is the gravity acceleration, k is thermal conductivity, T is the fluid temperature, and h is sensible enthalpy of the PCM (RT82). Sensible enthalpy is defined as:
The total enthalpy is expressed as follows:
In which K , C is the specific heat, and ΔH is the latent heat of PCM. The quantity  is the liquid fraction that is generated during the melting process and can be written as the following:
The phase change process occurs when the temperature is 
Which is named "porosity function" as defined by Brent et al. [31] . This quantity enables the momentum equations to mimic Carman-Kozeny equations for flow in porous media. C is the mushy zone constant describing how steeply the velocity is decreased to zero when the material solidifies. A previous parametric study has discussed the influence of C on the melting process of PCM by comparing the simulation results using three values, namely, 5 10 , 6 10 , and 7 10 to the experimental results and show that with mushy zone constant of 6 10 the melt interface correlates well with the experimental results up to an elapse time of 60 minutes. Although the solid PCM shape begins to square off near the final stages of the simulation, the prediction of the total melting is reasonable and here, the value of this constant is considered to be 6 10 . In addition, ε is a small number (0.001) in order to prevent division by zero as introduced in reference [32] .
Some simulation procedures at the solid-liquid interface to obtain the location of the melting front are including: Transformed coordinate, deformed grid, enthalpy method, heat capacity method, ultrafast laser heating, and Lattice Boltzman method which have been employed by many researchers. The application of these methods, one way or another, have been employed in the studies of the references [33] and [34] .
Initial and boundary conditions
The PCM initial temperature is 300.15 k (27 o C) and is in solid phase at this temperature.
The temperature of the inner surface of the inner tube and outer surface of the middle tube are supposed to be the same as the heat transfer fluid which is 363.15 k (90 o C). The temperature of the walls and the fins are not assumed constant and consequently walls and fins zones are solved too. In this study, heat transfer from both inner and outer tubes are considered. Therefore, the boundary conditions are expressed as follows:
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Numerical simulation
In this study, the melting process was simulated using ANSYS Fluent V16. The mesh was generated by the aid of GAMBIT software after drawing the select geometry. The modeling was done based on the enthalpy-porosity technique and finite volume method as described by Patankar [35] . The elements' shape of the grid was chosen as triangle in GAMBIT software. Then the twodimensional model was selected. Also, a transient pressure-based model was used because the flow is with low velocity. The momentum and energy equations were discretized with second-order accuracy and the PRESTO scheme was used for the pressure correction equation. The underrelaxation factors for pressure, velocity, energy and volume fraction were selected as 0.4, 0.2, 1 and 0.9, respectively. The convergence criteria to terminate iteration was set as 3 
10
 for continuity and momentum equations, and 6 
 for the energy equation.
Mesh independency and time-step independency
The mesh independency and time-step independency have been done to ensure uniqueness of the results in this article. For mesh independency, the model [1] was simulated for time-step of 0.5 using different mesh sizes. The volume fraction is a measured parameter which is brought in Table 2 at three different times. It is seen that 24,358 and 38,156 number of elements produce close values for volume fraction. Therefore, in order to lower the task of calculations, the number of elements were selected as 24,358. Time-step independency was examined for different time steps including 0.1, 0.5 and 1 using 24,358 elements. These values are mentioned in Table 3 . It can be seen that time-steps of 0.1 and 0.5 provide approximately near results. Therefore, the time-step 0.5 is employed so as to decrease the task of calculations.
[ Table 2] [ Table 3 ]
Validation
Some of the results of the model presented in Ref. [1] have been obtained again so as to validate our numerical results. Streamline, isothermal contour for the TTHX with internal-external fin at 30 min.
( 
Results and Discussions
Initial study for improving heat transfer
As it is shown in Fig. 5 , because of the distance existed between the fins in the triplex tube heat exchanger in the model in Ref. [1] , heat cannot quickly spread in the areas far from the fins and thus the phase change material in these areas melts slower and so it remains in solid phase for a longer time than in the areas near the fins. Therefore, this structure of the fins is not suitable to distribute heat uniformly throughout the cross-section surface of the tube. To solve this deficiency, the length of the fins is shortened and instead their numbers are increased while the total area of the fins is kept unchanged. This is done by dividing the length of the fins by different factors which are mentioned in Table 4 . In each case, all the fins are situated in the same distance from each other. As it is indicated in the contours of Fig. 5 , with gradual reduction in the length of the fins and increasing their numbers, heat is distributed more uniformly between the fins and the phase change material than in the reference model. However, by continuing this work, the melting rate is decreased due to creation of gap between the fins of the inner and the outer tubes. In Fig. 6 , liquid fraction curves for different cases of this model are indicated.
[ Table 4 ]
According to the results depicted in Fig. 5 , the best heat distribution which makes the best melting rate possible is in Case 1 which consists 16 fins with the length of 21 mm and placed at positions with 22.5 degrees' difference. We name this case as model #1. This case provides the lowest melting time compared with the rest of the cases and has a melting time of 38.2 minutes which is lower than the melting time of both the models in Ref. [1] and Ref. [30] . Although the second case yields approximately the same time for complete melting, its production is costlier due to having a greater number of fins. Therefore, in the following studies, only model #1 will be optimized geometrically in order to increase its heat transfer and thus reduce its total melting time. It is important to mention that throughout this study all the fins are perpendicular to the tubes.
[ Figure 5 ]
As it is seen in model #1 in Different variations in length and position of the fins, which are two influencing parameters on heat transfer in the triplex heat exchanger will be introduced thoroughly in the following next sections.
[ Figure 6 ]
It should be mentioned that selecting any cases with division factor less than 2 would produce a model with melting time more than that of the model #1. For example, a division factor of 1.5 would produce the following results in comparison with this model, Tables 5-6 and Fig. 7 .
[ Table 5 ]
[ Table 6 ]
The effect of different distances between fins on melting rate
In this section, the distances between the fins are changed in order to improve the melting time of the phase change material. We start with model #1 which is with 16 [ Figure 8 ]
[ Table 7 ]
According to Table 7 and Fig. 8 , the central angles between the lower half fins of the tube is gradually reduced by step size of 2 o and is increased the same amount between the fins in the upper half section. As it can be seen in Fig. 9 , this gradual change causes an increase in melting rate in lower half of the tube and simultaneously this quantity decreases in the upper half. This gradual change is continued until the quantity of solids in the lower half section becomes negligible. Then, by comparing contours of cases 1 to 5 with different angular distances between the fins, model #2 is selected which has the minimum total melting time among others which is 34.283 minutes. The optimization procedure is done by considering the point that all solid phase change materials must become liquid at the same time in both top and bottom half of the tube. This optimized-model is shown in Fig. 9 as model #2. In this model heat is distributed as uniformly as possible and accumulation of heat in upper half of the tube has decreased considerably.
The effect of different length of fins on melting rate
In this section, the lengths of the fins are changed unequally in order to improve the melting time of the phase change material. We start again with model #1 which is 16 fins with 21 millimeters each, Fig. 10 , and in order to raise the melting time in the bottom half of the tube the length of all fins in its upper half is shortened with the increment of 1 millimeters and are added to the length of its lower fins with the two fins situated in horizontal state ( 5 L ) kept unchanged. These changes are shown in Table 8 .
[ Figure 10 ]
[ Table 8 ]
As it is shown in contours of [ Figure 11] 
Combination cases of fins arrangement to increase melting rate
Combination cases of lengths and distances of fins are considered in this section in order to further improve the melting time. Here, the combination of Model #1 and Model #2 are considered with the extreme cases of, firstly, every 16 fins of model #1 were placed on the outer tube (called case A) which is shown in Fig.12 . As it is seen from the contours in this figure, the amount of solid material in the upper half of the tube is greater than the lower half section. Secondly, all the fins in model #1 were placed on the inner tube (called case B) and the result were almost inverse, meaning that more solid material remains in the bottom half of the tube than the top half. Then, comparing the contours of these two models resulted in a new mixed model which has 7 fins on the inner tube on the top half section and the other 7 fins on the outer tube with the two remaining fins placed in horizontal situation. This model is shown in Fig. 13 as the mixed model of case A and case B. As it can be seen in Fig. 12 , this model benefits from both its predecessors and increases melting rate throughout the cross-section surface of the tube except some parts at the bottom of the tube. For raising the melting rate at these regions, a new modified model (model # 4) was presented. Because of upward movement of the heat, length of fins in the top half of the tube are increased from uppermost fin to the lower ones. Also, in bottom half section, lengths of the fins are decreased from lowest fin to the upper ones. Final lengths of fins for this model is presented in Table 9 . This was reached by trying to make all the solid materials in both the top and the bottom half of the tube become liquid simultaneously. The resulting model which we call model # 4 is shown in Fig. 12 with a melting time of 34.017 minutes which is the lowest time among all the models introduced in this study as well as the two models in Ref. [1] and Ref. [30] . This is shown in Table 10 and Fig. 14. [ Figure 12 ]
[ Table 9 ]
[ Table 10 [ Figure 15 ]
[ Table 11 ]
[ Figure 16 ]
Model#4 with division factor < 2, i.e. =1.5
[ Table 12 ]
[ Figure 17 ]
Model #4 with division factor > 2, i.e. = 2.5
[ Table 13 ]
[ Figure 18] 
Conclusions
Different models to accelerate melting process of RT82 as phase change material has been investigated and introduced in this article. Three methods for optimizing model in Ref. improvement over the model in Ref. [1] and over the model in Ref. [30] , respectively. Table 5 Comparison of melting time for cases with division factor < 2, i.e. =1.5 Table 6 Successive divisions of the fins for selected division factors < 2 Table 4 Total melting time (min) Case with division factor < 2, i.e. =1.5 40.7 Model # 1 38.2 Table 5 Division Table 13 
